Gut microbiota is widely accepted to play a crucial role on host health via the regulation of many physiological functions, including metabolism, nutrition, pathogen resistance, and immune function. Over the last decades, accumulating evidence has also pinpointed a role for gut microbiota on bone metabolism and the development of metabolic bone diseases, such as osteoporosis. Emerging evidence suggests the potential of gut microbiota as a promising target for bone health management. In this contribution, we have examined the available literature to understand the role of gut microbiota on bone metabolism as well as the underlying mechanisms. Furthermore, the application and effectiveness of using probiotics/prebiotics as means to modify gut microbiota and bone health are discussed. In this relation, animal studies and human trails suggest that alternation of gut microbiota composition can exert the activity of bone metabolism and therefore lead to the change of bone quality. It is believed that gut microbiota regulates bone metabolism via host immune system, endocrine system and mineral absorption. Supplementation with probiotics and prebiotics to both animals and humans has demonstrated promising, but sometimes conflicting results, on bone health. Thus, future research is expected to reveal the influence of the variations in age, gender, dose, delivery method, and treatment duration, among others on the probiotics/prebiotics-targeted bone diseases treatment.
Introduction
Bone health is critically important to the overall health and quality of life. In addition to forming a protective and supportive framework for the body, bones also provide mobility, and serve as a storehouse for minerals that are vital to the functioning of many other life-sustaining systems (Office of the Surgeon General, 2004) . It is a dynamic organ, which is constantly undergoing remodeling to replace or reshape injured or micro-damaged bone and to maintain mechanical loading (Collins et al., 2017; Quach and Britton, 2017) . While it has been known for a long time that the gastrointestinal system plays a critical role in maintaining calcium homeostasis and skeletal integrity (Keller and Schinke, 2013) , recent studies underscore an emerging role of gut microbiota in regulating bone metabolism (Collins et al., 2017) . It is estimated that >1000 different microbial species exist in the human gut (Chen et al., 2017) . The communication and coevolution between intestinal microbiota and the host provide benefits to both the bacteria and the host in most cases (Quach and Britton, 2017) . It is well accepted that a dynamic homeostasis of gut microbiota is critical to host's health and plays a crucial role in many aspects, including metabolism, nutrition, pathogen resistance, and immune function (Collins et al., 2017; Xu et al., 2017) . Accumulating evidence has demonstrated that gut microbiota is associated with bone metabolism and a range of inflammatory or metabolic bone diseases (Blanton et al., 2016; Guss et al., 2017; Sjögren et al., 2012; Xu et al., 2017; Yan et al., 2016) . Therefore, modification of gut microbiota by probiotics and/or prebiotics supplementation has been proposed as a viable therapeutic strategy to benefit bone health. In this review, we examined the available literature to understand the role of gut microbiota on bone metabolism as well as the underlying mechanisms. Furthermore, the applications and
Association between intestinal microbiota and bone
The first evidence that indicated the relationship between gut microbiota and bone metabolism was reported by Di Stefano et al. (2001) . They reported that the loss of bone mineral density was associated with intestinal bacterial overgrowth (Table 1) . This finding were further validated by Stotzer et al. (2003) , who observed the reduction of bone mineral density in bacteria overgrown individuals (Table 1 ). Both studies indicated that overgrowth of gut microbiota could be a risk factor associated with bone loss. However, another study developed with healthy and disabled individual who suffered from bacteria overgrowth gave contradictory results (Mitsui et al., 2005) . In this latter study, there was no significant difference in femoral bone mineral density between bacterial overgrowth individuals and the control group (Table 1) . However, this result might be due to the disabled condition of all experimental subjects, which led to an extremely low physical activity.
For several decades, germ-free animals have been used to study the interaction between the microbiota and host physiologies (AlAsmakh and Zadjali, 2015) . Sjögren et al. (2012) first studied the connection between gut microbiota and bone health with germfree mice model (Table 1) . In their study, germ-free mice showed a higher trabecular volume bone mineral density and improved histomorphologic indices, compared with conventionally raised mice (Sjögren et al., 2012) . Meanwhile, germ-free mice showed decreased frequency of CD4 + T cells and CD11b + /GR1 osteoclast precursor cells in bone marrow as well as the decreased expression of inflammatory cytokines in bone marrow, suggesting gut microbiota might influence bone health by inhibiting osteoclastogenesis (Sjögren et al., 2012) . More importantly, all these changes were normalized when germ-free mice were recolonized by a normal gut microbiota, which further confirmed that gut microbiota is the main factor responsible for the increase of bone mineral density in the germ-free mice (Sjögren et al., 2012) . However, some conflicting findings have also been published. Schwarzer et al. (2016) noticed a significantly reduced femur length, cortical thickness, cortical bone fraction, and the trabecular fraction of the femur in germ-free mice. The different results from these studies may attribute to the different genetic profiles of the C57BL/6J mice (used in Sjogren et al. study) and the BALB/c mice (used in Schwarzer et al., study), as well as the gender difference (female mice used in Sjorgren et al. study and male mice in Schwarzer et al. study) . Furthermore, the influence of gut microbiota on bone metabolism has been found to be time-dependent. Microbial recolonization in germ-free mice induced an acute decrease in bone mass, while an increase in bone formation and bone growth plate activity after long-term colonization (Yan et al., 2016) . This suggests that the influence of gut microbiota on bone health is a long-term invention.
In addition to the duration, it is interesting that transplanting microbiota from healthy and undernourished children into germ-free mice showed varied femoral phenotypes (Blanton et al., 2016) . Although the sample size is not big enough, their results provided evidence for microbiota-dependent regulation of bone morphology, with the effects being influenced by the age and nutritional status of the donor (Blanton et al., 2016) . Antibiotics treatment has been well studied for its ability to change the composition of the gut microbiota. Thus, antibiotics intervention is also used to investigate the relations between gut microbiota and bone processing, in addition to using germ-free animals (Table 1) . Cox et al. (2014) studied the changes of bone condition when gut microbiota was disrupted by low-dose antibiotic exposure. Low dose penicillin (LDP) was delivered via drinking water to both male and female mice (Cox et al., 2014) . Interestingly, LDP treated male mice showed decreased bone mineral density, while female mice showed the opposite effect (Cox et al., 2014) . This study also proposed that the influence of gut microbiota on bone tissue was gender-dependent (Table 1) . Several additional antibiotics studies have supported these findings and suggested that gut microbiota may be responsible for bone growth through several regulation pathways (Table 1) .
Potential mechanisms of gut microbiota on bone metabolism
Numerous studies have revealed that gut microbiota can regulate bone metabolism, but understanding of the regulatory role of gut microbiota on bone metabolism is still far from clear. However, it is obvious that not a single mechanism can explain this function. Multiple approaches through which gut microbiota may regulate bone metabolism have been proposed, including actions on the immune system, endocrine system, and calcium absorption (Figure Shang et al. Gut microbiota, probiotics, prebiotics and bone health Gut microbiota, probiotics, prebiotics and bone health Shang et al.
1). The current findings related to possible mechanisms involved are outlined below.
Gut microbiota regulates bone metabolism through immune system
The presence of a close interrelationship between immune system and bone metabolism has led to coining the term "osteoimmunology", which highlights the role of immune-related factors in modulating bone remodeling (Crotti et al., 2015; Xu et al., 2017; Zupan et al.,, 2013) . It has been well documented that the osteoclasts, originating from monocytic precursors in bone marrow, can interact and be regulated by immune cells (B and T cells) and immune stimulating factors (RANKL, TNF-α, IL-1, IL-6) (Lorenzo et al., 2008) . Especially for the differentiation and maturation, the RANKL (receptor activator NF kappa B ligand)-RANK (receptor activator NF kappa B)-OPG (osteoprotegerin) axis and immunoreceptor tyrosine-based activation motif (ITAM) pathway play key roles in bone turnover and bone diseases (Crotti et al., 2015; Kim et al., 2002; Xu et al., 2017) . Characterization of the functions of RANKL and its receptors (RANKL and OPG) have contributed significantly to the emergence of osteoimmunology, specifically with respect to examining the interplay between the active immunity and maintenance of bone homeostasis (Lorenzo et al., 2008; Teitelbaum, 2000; Walsh et al., 2006) . In addition to RANKL, other immune stimulating factors, such as tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6), interleukin-11 (IL-11), and leukemia inhibitory factor (LIF), play crucial roles in osteoimmunology and regulated bone homeostasis. For example, bone loss induced by estrogen deficiency is due to the increased differentiation and activity of osteoclasts in part promoted by increased inflammation and activation of immune cells (Quach and Britton, 2017) . Recently, it has been widely recognized that gut microbiota can interact with the host immune system and further influence host health (Geuking et al., 2014; Palm, de Zoete and Flavell, 2015; Xu et al., 2017) . Gut microbiota can regulate not only the local intestinal immune system, but can also regulate the immune response and hematopoiesis at distant sites including the bone marrow (Wu and Wu, 2012) . The hypothesis that gut microbiota regulates bone metabolism through the immune system has been investigated and proven by some animal studies. In the study of Sjögren et al. (2012) , germ-free mice showed decreased expression of proinlammatory cytokines TNFα and IL-6, fewer frequency of CD4 + T cells and reduced osteocalst/precursor cells in bone marrow (Sjögren et al., 2012) . These results suggested that gut microbiota could modulate immune system and inhibit osteoclastic bone resorption. Studies also indicated that autoimmune arthritis was strongly attenuated in the K/BxN mouse model under germ-free condition, accompanied by reductions in serum autoantibody titers, splenic autoantibody-secreting cells, germinal centers and the splenic T helper cell population, suggesting the regulatory role of gut microbiota on bone metabolism by altering host immune status (Wu et al., 2010) . Taken together, although further studies are still needed to identify the species that can lead to the change of immune system, it has been accepted that immune system is at least partly responsible for gut microbiota regulated bone metabolism.
Gut microbiota regulates bone metabolism through the endocrine system
Since the development of bone loss is highly impacted by crosstalk between immune cells and monocytes that can differentiate into osteoclasts, early focus has been placed on the dysregulation of osteoclastogenesis by the immune system. Other studies have also investigated the role of endocrine system as another important regulator of bone metabolism. Gut microbiota is currently considered as a novel "endocrine organ", as it can engage in an interplay between the endocrine system and hormone level, further influencing host health status (Neuman et al., 2015; Sudo, 2014; Xu et al., 2017) .
Gut microbiota regulates bone metabolism by growth hormone
Gut microbiota are capable of dynamically modulating circulating IGF-1 in the host, with the majority of data suggesting that microbiota could induce host IGF-1 synthesis to influence growth (Yan 
Shang et al.
Gut microbiota, probiotics, prebiotics and bone health and Charles, 2018). This study found the increase of bone mass in long-term colonized germ-free mice was associated with the increase of serum IGF-1, in response to microbial colonization (Yan et al., 2016) . Antibiotic treatment of conventional mice showed inhibition in bone formation along with decreased serum IGF-1 in the same study. Interestingly, antibiotic-treated mice supplemented with short chain fatty acids (SCFAs), one of the microbiota-derived metabolites, significantly restored bone mass with increased IGF-1 level (Yan et al., 2016) . According to this study, gut microbiota could provide a net anabolic stimulus to the skeleton, which is likely mediated by IGF-1. Thus, manipulation of the microbiota or its metabolite may afford opportunities to optimize bone health and growth.
Gut microbiota regulates bone metabolism by gonadal steroids
Gonadal steroids, including estrogen and androgen, play key roles in the regulation of bone mass and turnover in bone metabolism (Imai et al., 2009; Leder, 2007; Syed and Khosla, 2005; Xu et al., 2017) . Especially for estrogen, the decrease of estrogen level is a major factor that contributes to postmenopausal osteoporosis risk. During menopause, a variety of negative health outcomes may occur due to a decline of circulating estrogen, especially a rapid drop of bone mass (Baker et al., 2017) . The hormone therapy and selective estrogen receptor modulators (SERMs) are both current osteoporosis drugs targeting estrogen deficiency. More recently, intestinal microbiota which is capable of metabolizing estrogens were defined as "estrobolome" (Baker et al., 2017) . In the human body, estrogens circulate in the blood in the free or protein-bound form and exert diverse biological effects (Kwa et al., 2016) . However, only the free form of estrogen is activated, while the conjugated estrogens will be eliminated and excreted in the urine or feces (Kwa et al., 2016) . A current study found that the conjugated estrogen can be deconjugated by estrobolome and reabsorbed into the circulation (Kwa et al., 2016) . Some bacterial species have been identified with β-glucuronidase activity that might potentially increase intestinal reabsorption of estrogens (Kwa et al., 2016) . However, further studies are needed to validate and confirm this postulation.
It is also known that gut microbiota may influence the absorption and metabolism of phytoestrogens, such as isoflavones and lignans. Many phytoestrogens can be hydrolyzed by intestinal microflora such as lactobacillus spp. and bifidobacterium spp. and result in an active formation, which could increase their bioavailability (Xu et al., 1995) . For example, isoflavones can be converted into equol, which has more estrogenic effects, by specific gut microorganisms such as bifidobacterium animalis and enterobacteriaceae strains (Guadamuro et al., 2015; Vázquez et al., 2017; Yuan et al., 2007) . These results suggest that supplementation with specific probiotics and phytoestrogen together might be beneficial for estrogen deficiency-induced osteoporosis.
Gut microbiota regulates bone metabolism by other hormones
Althought gut microibata plays major role in growth hormone and sex hormone regulated bone metabolism, the interactions among gut microbiota, endocrine system and bone metabolism are complex. Other hormones may also facilitate the bone metabolism, such as PTH. PTH plays a central role in regulating calcium-phosphate metabolism. A prolonged hypersecretion of PTH leads to increased bone resorption, while administered at a low and intermittent dose will be able to exert positive effects on bone volume and microarchitecture (Lombardi et al., 2011) . Intermittent administration of PTH increased local IGF-1 production and activated IGF-1 signaling pathways in bone and therefore promoted bone formation (Wang et al., 2013) . In a human trial, Lactobacillus helveticus fermented milk supplementation increased serum calcium levels and reduced serum PTH level in postmenopausal woman (Narva et al., 2004b) . Although the long-term effect of this on bone health was not measured, the changes in calcium and PTH suggested an influence of specific bacteria on bone health by affecting PTH.
It was recently discovered that gut microbiota might have important effects on the nervous system through regulation of the synthesis of hormones and neurotransmitters such as serotonin (5-hydroxytryptamine, 5-HT). It has been reported that both osteoblasts and osteocytes contain 5-HT receptors, and the circulating 5-HT plays a key role in regulating bone formation and skeleton mass (Mödder et al., 2010; Yadav et al., 2008) . Indigenous sporeforming bacteria (Sp) from both mouse and human microbiota promoted 5-HT biosynthesis from colonic enterochromaffin cells (ECs), which supply 5-HT to the mucosa, lumen and circulating platelets (Yano et al., 2015) . However, there is still a controversy on the role of 5-HT on bone health. Yadav et al. (2008) suggested that peripheral 5-HT produced in gut was a major negative regulator of osteoblast proliferation. However, Cui et al. (2011) reported that bone density was not affected by 5-HT stimulation in mice. Thus, it is important to develop clinical and experimental studies with different models to investigate the effect of 5-HT on bone health as well as its interaction with gut microbiota.
Gut microbiota regulates bone metabolism by influencing calcium absorption
It is well documented that gut microbiota can affect the absorption of skeletal development-related nutrient such as calcium and vitamin D (Xu et al., 2017) . Calcium, the dominant mineral component in bones, is essential for bone health. In addition, vitamin D could regulate the intestinal calcium absorption and stimulate bone resorption to maintain serum calcium concentration (Sunyecz, 2008) . Thus, either dietary calcium deprivation or vitamin D deficiency may cause bone loss and finally lead to osteoporosis (Morris et al., 2010; Xu et al., 2017) .
The gut microbiota contribute to bone health by either affecting calcium intake or regulating endocrine vitamin D. On the one hand, the gut microbiota could promote calcium intake rates. Normal calcium intake rates in adults are ∼30-35% (Sheikh et al., 1990; Xu et al., 2017) ; these levels can be increased by probiotics, prebiotics, and synbiotics (Scholz-Ahrens et al., 2007; Xu et al., 2017) . For example, enhanced calcium absorption was observed in healthy male rats treated with galacooligosaccharides (GOS) or inulin (Chonan et al., 2002) , healthy female rats treated with polydextrose for 4 weeks (Legette et al., 2012) and healthy female mice treated with fructose and inulin for 6 weeks (García-Vieyra et al., 2014) . Therefore, in healthy condition, the gut microbiota could enhance the calcium absorption to improve the bone quality and protect against osteoporosis in the future. Moreover, gut microbiota could also stimulate calcium absorption in individuals who already developed osteoporosis and help to attenuate bone loss. In estrogen deficient ovariectomized (OVX) rats, both inulin and fructooligosaccharides (FOS) increased calcium absorption and bone mineral density (Zafar et al., 2004) . On the other hand, gut microbiota also contribute to calcium resorption by regulating the endocrine vitamin D (Bora et al., 2018) . Supplementation of Gut microbiota, probiotics, prebiotics and bone health Shang et al.
difructose anhydride III (DFAIII, at a dose of 15 g/kg for 4 weeks) in a vitamin D-deficient diet to OVX rat significantly attenuated vitamin D deficiency induced suppression of calcium absorption and decrease of femoral calcium (Mitamura and Hara, 2006) .
Application of probiotics and prebiotics in bone health management
With the development knowledge of gut microbiota and bone health, probiotics and prebiotics have been introduced into bone health management because of their modification role on host gut microbiota. A number of studies have investigated the application of probiotics and prebiotics to prevent osteoporotic bone loss (Table 2).
The applications of probiotics
Probiotics refer to the live microorganisms that when administered in adequate amount will confer a health benefit on the host (Schepper et al., 2017) . Stability of the intestinal microbiota composition is a critical regulator of intestinal homeostasis throughout life, from new born to adulthood. Blanton et al. (2016) found that germfree mice colonized gut microbiota from undernourished children displayed reduced growth, altered bone morphology and metabolic dysfunction compared to mice populated with healthy microbiota. Interestingly, adding bacterial Ruminococcus gnavus and Clostridium symbiosum to the microbiota from undernourished children ameliorated growth abnormalities in the mice, suggesting supplementation with probiotics can alter microbiota composition and regulate growth (Blanton et al., 2016) . In support of this finding, Schwarzer et al. (2016) reported that undernourished mice supplemented with probiotic Lactobacillus plantarum are able to maintain normal growth rates, especially the under-nutrition suppressed bone growth. Probiotics were also showed to influence the secretion of growth hormones from endocrine system and thus regulate growth. Germ-free mice showed significantly decreased GH and IGF-1 compared to wild type mice, while supplementation with L. plantarum brought IGF-1 back to wild type level (Schwarzer et al., 2016) . It seems probiotics may contribute to bone health via influencing intestinal condition in different ways. In the study of McCabe et al. (2013) , healthy male mice were treated with Lactobacillus reutieri ATCC 6475, a candidate probiotic with anti-TNFα activity. Supplementation with L. reutieri enhanced bone density associated with suppressed intestinal TNFα, suggesting the effects of probiotics on preventing inflammation induced bone loss . Unfortunately, the decreased intestinal inflammation and increased bone density only showed in healthy male but not in female mice, suggesting the effect was gender specific . The authors ascribed the gender dependence to different estrogen and/or progesterone sensitive pathways in response to the bacterium supplementation . Recent studies also examined the potential effects of probiotic treatment during osteoporosis, especially in the estrogen deficiency OVX model. While McCabe et al. (2013) previously noted that healthy female mice showed no significant changes in response to L.reuteri, L. reuteri supplementation could prevent OVX-induced bone loss in female mice, suggesting that L. reuteri could be used for preventing estrogen-induced osteoporosis in postmenopausal women. These findings were confirmed by others using similar probiotics (Table 2) . Ohlsson et al. (2014) also found L. paracasei could prevent OVX-induced cortical bone loss and bone resorption.
In addition to direct supplementation with bacterium, administration with food products fermented by probiotics may represent a better solution. Fermented foods are an important part of diet in many cultures. Recent studies examined the effects of fermentation products on the basis of probiotics. OVX rats fed with Lactobacillus-fermented soy skim milk for 8 weeks showed significant increase in trabecular bone volume and numbers, suggesting the fermentation product has similar potential as Lactobacillus to attenuate bone loss in OVX mice and lower the risk of osteoporosis (Chiang and Pan, 2011) . Narva et al. (2004a) also confirmed this finding by supplementing L. helveticus-fermented milk to growing rats, and found increased bone mineral density and bone mineral content after long-term feeding. Interestingly, L. helveticusfermented milk also showed to increase bone mineral content in spontaneously hypertensive rats due to better calcium availability (Narva et al., 2004a) , suggesting its potential on preventing hypertension-associated bone loss. Based on the knowledge on animals, a human study was also performed. Narva et al. (2004b) further studied the effect of L. helveticus-fermented milk on calcium metabolism and bone resorption in postmenopausal women. The fermented milk showed reduction in PTH and increase in serum calcium compared to the control group, suggesting its positive effects on calcium metabolism (Narva et al., 2004b) . However, this study lacks direct evidence in bone quality measurement.
The applications of prebiotics
Prebiotics are defined as "non-digestible food ingredients that selectively stimulate the growth and/or activity of bacterial species as already established in colon, and thus improve host health" (Whisner and Weaver, 2017) . While any nutrient that enters the large intestine may have prebiotic effects, the majority of known prebiotic are carbohydrates. Specifically, oligosaccharides such as inulin-type fructans and galactooligosaccharides (GOS) are well supported for their prebiotic effects on microbial composition primarily through increased proportions of Bifidobacterium and Lactobacillus (Whisner and Weaver, 2017) . Thus, supplementation with prebiotics could provide fermentation substrates of gut microbiota, and improve the microbiota composition, which will finally benefit for host health.
Non-digestible oligosaccharides (NDOs) are currently regarded as the most promising prebiotics for bone health, including GOS, fructooligosaccharides (FOS), oligofructose, and inulin (Whisner and Weaver, 2017) . Fructooligosaccharides (FOS) has been supplemented to both Korean and Chinese postmenopausal women to investigate its effects on preventing postmenopausal caused osteoporosis (Kim et al., 2004; Kruger et al., 2016) . In both studies, FOS showed effects on changing bone biomarkers, such as alkaline phosphatase activity and calcium absorption. GOS and inulin supplementation to postmenopausal woman also showed increase in calcium absorption (van den Heuvel et al. , 2000) . Furthermore, some studies have tested the effectiveness of prebiotics on infants or adolescent. GOS (Hicks et al., 2012) , polydextrose (PDX) (Hicks et al., 2012) and inulin (Yap et al., 2005) have been supplemented to healthy infants, respectively. However, addition of GOS and PDX did not improve calcium absorption (Hicks et al., 2012) , while inulin increased mineral absorption and retention (Yap et al., 2005) . Similar conflicting results have been observed in adolescent. In the study of Whisner et al. (2013) , adolescent girls consumed GOS showed greater increase in calcium absorption (Whisner et al., 2013) . In another study, girls and boys (age 9-13 years) consumed inulin showed greater whole-body bone mineral density and bone mineral content after 12 months (Holloway et al., Gut microbiota, probiotics, prebiotics and bone health Shang et al. 2007 ). However, no effect was reported in adolescent girls supplemented with inulin (Martin et al., 2010) . The conflicting results may be attributed to the variation in treatment conditions, intervention duration, and lack of controlled diets, host genetics, baseline bone status, and participant age. Our current knowledge related to the microbiota's role on prebiotic-bone mechanisms remains limited, but evaluation of gut microbiota profiles may provide further insights. GOS treatment resulted in dose-dependent differences in gut microbial communities, and quantitative PCR measures suggested that GOS increased the prevalence of bifidobacteria (Whisner et al., 2013) . In addition to the direct influence on gut microbiota composition, the most prominent theory to explain prebiotic effects on bone is that prebiotic fibers resist digestion in the small intestine and upon reaching the colon are fermented into short chain fatty acids (SCFAs). SCFAs have the ability to prevent calcium from complexing with other compounds, therefore increase the calcium absorption (Whisner and Weaver, 2017) . Several animal studies have proven that treatment with SCFAs significantly increases bone mass and prevents postmenopausal and inflammation-induced bone loss (Lucas et al., 2018; Yan et al., 2016) . Meanwhile, an increase in SCFAs has been shown in the supplementation with high-fibre diet, such as inulintype fructans (Raschka and Daniel, 2005) , resistant starch (Younes et al., 2001 ) and GOS (Chonan et al., 1995) . However, most previous human trails have only evaluated the calcium absorption upon SCFAs treatment, but not bone quality. Thus, direct evidence on bone quality should be performed in future study to understand the effect of SCFAs on bone health.
Conclusion
The study of gut microbiota on bone health and development of probiotics/prebiotics as new osteoporosis treatment approach is a rapidly growing area of investigation. There are many studies that support the role of gut microbiota in the regulation of bone health, as well as the potential of probiotics/prebiotics on osteoporosis prevention, despite the fact that underlying mechanisms still remain unclear. Currently, it has been well accepted that gut microbiota can regulate bone metabolism via immune system and endocrine system as well as mineral absorption. Meanwhile, dietary consumption of probiotics and prebiotics could mediate the gut environment and stimulate the related mechanism to facilitate the production of signaling molecules, immune cells, and metabolites, and therefore beneficially influence bone health. To date, the most well studied probiotics are lactobacillus and bifidobacterium. Although most of the treatments were in animal trials, the supplementation of lactobacillus and bifidobacterium showed effects on improving bone quality and preventing bone loss. Meanwhile, the consumption of prebiotics, such as disaccharide, oligosaccharide and polysaccharide, alters the gut microbial content and also contributes to bone health. However, there is still a controversy with regard to the efficacy of probiotics and prebiotics supplementation in human studies. Therefore, further studies are warranted to better understand the effects of the variations (age, gender, dose, methods of delivery, duration of treatment, and others) on the change of gut microbiota and its resultant bone health status.
